Abstract-This paper explains the Genetic Algorithm (GA) evolution of optimized wavelet that surpass the cdf9/7 wavelet for fingerprint compression and reconstruction. Optimized wavelets have already been evolved in previous works in the literature, but they are highly computationally complex and time consuming. Therefore, in this work, a simple approach is made to reduce the computational complexity of the evolution algorithm. A training image set comprised of three 32x32 size cropped images performed much better than the reported coefficients in literature.
INTRODUCTION
Image compression is intended to get the best possible image quality at an allowed storage facility. It is required for easy storage of images and their faster transmission over band-limited communication channels. For this FBI fingerprint identification division has took on Wavelet Scalar Quantization (WSQ) as standard for fingerprint image compression [1] . Forensic, medical applications, law enforcement and border security are some vital areas where fingerprint image compression finds a significant role.
Wavelet based image compression [2, 3] is capable of examining the image signal at different resolutions. This is termed as multiresolution analysis (MRA). DWT is an algorithm that transforms the original image to horizontal, vertical and diagonal decomposition coefficients. Biorthogonal wavelets [4] show both symmetry and compact support. Several wavelets and image compression techniques have been described in literature [5, 2, 6, 7, 8] In 1992, Cohen, Daubechies, and Feauveau (cdf) introduced the classical cdf9/7 biorthogonal wavelet filters [9] , which is used by the FBI fingerprint compression standard [10, 11] .
The classical cdf 9/7 DWT is represented by four sets of filter coefficients. Altogether there are 16 coefficients [11] . Peak-Signal-to-Noise-Ratio (PSNR) and Root Mean Squared Error (RMSE) are the two measures of image compression performance [12] . The lifting scheme introduced by W. Sweldens [7, 13, 14] is an effective technique to represent classical wavelets with lesser number of coefficients. Any DWT or two band sub-band filtering with finite filters could be decomposed into a finite sequence of simple lifting steps. This was performed by factorizing the polyphase matrix of the wavelet or sub-band filters into elementary matrices [14] .
Recently several researchers have evolved wavelet filter coefficients using Genetic algorithm (GA) [15, 16] . Brendan Babb evolved classical wavelet filter coefficients [11] for four level MRA. The population size was 240-280 chromosomes and the number of generations was more than 15000. The amount of computational complexity was very high and hence supercomputers were used for evolving coefficients. An average PSNR improvement of 0.76dB over 80 fingerprint images in the database was reported. Uli Grasemann and Risto Mikkulainen [17] employed the coevolutionary algorithm and properties of lifting by which specialized wavelets were evolved for fingerprint image compression. Coefficients taken randomly from a Gaussian distribution were used for initial population. The algorithm was too slow as it took 60 hours on a 3GHz Xeon Processor. An average PSNR improvement of 0.75dB was reported. Shanavaz and Mythili [12] proposed a method by which cdf9/7 lifting coefficients were evolved using GA. The population size was 250 and number of generations was 1000. On an AMD Athlon 2.39GHz Processor with 750 MB memory, the algorithm took 33 hours. Over 35.9119 dB average PSNR obtained by the classical cdf9/7 wavelet, an improvement of 0.9306 dB could be achieved.
In order to have a fair comparison with the previous results and a speedy evolution of the lifting coefficients, the symmetric lifting scheme [4, 12] with only 4 coefficients has been used in this work. Better lifting coefficients have been evolved in a shorter time with training sets comprised of cropped fingerprint images. Thus the computational complexity and time consumption of the evolution procedure have been reduced. The results have been compared with the existing results in literature.
In the rest of this paper, Section II describes the methodology of the proposed work of evolving lifting coefficients and the development of training image sets for fingerprint image compression using GA. Results and discussions are provided in Section III and Section IV concludes the paper.
II. METHODOLOGY

A. Evolving Lifting Coefficients
In this work, symmetrical lifting coefficients of cdf9/7 wavelet have been evolved using GA [4, 12] . The classical cdf 9/7 wavelet system consists of 16 coefficients, whereas the symmetrical lifting system consist only 4 coefficients. Faster evolution is possible with the lesser number of lifting coefficients. Consequently, the evolved coefficients compress the fingerprint images within a shorter time. The block diagram of GA algorithm to evolve optimal cdf 9/7 lifting coefficients for fingerprint image compression is shown in Fig. 1 . Binary GA is used for the evolution [12] .
The initial population of chromosomes is comprised of mutated copies of lifting coefficients. These coefficients are used to transform the training images into the wavelet realm. As in the previous works in literature, the compression ratio (CR) is fixed to 16:1. For this, the smallest 93.75% of wavelet transformed image coefficients are set to zero for image reconstruction and the others are retained. PSNR, the fitness function of the GA, is computed to evaluate the quality of the reconstructed image/s.
A 17 bit binary number is used to represent each coefficient. The first bit corresponds to sign and the other bits correspond to the coefficient value. A binary chromosome is formed by a group of 4 coefficients. Initial GA population is formed from randomly mutated copies of the symmetrical lifting coefficients of cdf9/7. The population is formed by 250 numbers of chromosomes. The number of generations is 1000. Roulette wheel selection and single point crossover are employed. Crossover rate = 0.7, mutation rate = 0.0075 and elitism = 1. The algorithm was implemented in Matlab.
The chromosomes are arranged according to their fitness. Then, the best are participated in reproduction. To produce new set of chromosomes, these chromosomes are subjected to crossover and mutation operations. An optimum set of coefficients is evolved by reiterating the above operations with the new populations. For the selected training image set, the best PSNR is obtained for the best set of evolved coefficients. Finally, these best set of coefficients are used to compute the average improvement in PSNR over 80 fingerprint images in the database.
B. Formation of training image set
The image set B of the DB1 database in Fingerprint Verification Competition (FVC) 2000 database contains 80 fingerprint images. Each image has a size 300x300 pixels 500 dpi resolution. The training image set has been developed from this image set.
In the earlier works [11, 12, 17] the training image set contained four numbers of full-size (300x300 pixels) fingerprint images. In the present work, to speed up the evolution process, training image set was formed by images cropped to smaller sizes. To begin with, the training image sets consisting of image/s cropped to 8x8 pixels size were created. Starting with one cropped image of 8x8 pixels size, images of the same size were added in the training set one by one up to 10. It was found that the evolved coefficients gave reduced PSNR compared to the theoretical lifting coefficients. A similar observation was made in the case of training sets comprising of cropped images with 16x16 pixels size too. Next, the training sets built from image/s cropped to 32x32 pixels size were used and the performances of the evolved coefficients were studied. A typical full-size (300x300 pixels) fingerprint image and the image cropped to 32x32 pixels are shown in Fig. 2 .
III. RESULTS AND DISCUSSIONS
A. Improvement in PSNR with the evolved coefficients
The different training image sets with suitable number of images of 32x32 pixels size to give maximum PSNR were constructed as described in the previous section. Optimum coefficients providing maximum PSNR for CR 16:1 were evolved with these sets. Using these coefficients, average improvement in PSNR over classical [18, 19] cdf9/7 wavelet for various nos. and sizes of training images were computed. In order to perform a comparison, the previous [12] and the present algorithms must be run on the same hardware platform. So, both he algorithms were run on an Intel Xeon 3.00 GHz Processor with 6 GB memory. In this platform the previous algorithm [12] took an evolution time of 9.06 hours whereas the proposed work took only 0.89 hrs. This amounts to an increase in computational speed by 90.18 %. A maximum improvement of 1.0059 dB in average PSNR above the classical cdf9/7 wavelet over the 80 fingerprint images was obtained with training image set comprising of three 32x32 size images. The evolution-time and PSNR are better than the previous results [17, 20, 21, 12] .
Plot of PSNR for classical and evolved wavelet is shown in Fig. 3 . For all the 80 images, the performance of the evolved wavelet is much better than that of the classical wavelet. The original fingerprint image 101_1.tif and the image reconstructed using classical and evolved cdf 9/7 lifting coefficients for compression ratio 16:1 are shown in Fig. 4 .
B. Improvement in PSNR for other CRs
The evolved coefficients show PSNR improvement for various other CRs too. The PSNRs of the evolved and classical wavelets for various CRs are compared in Fig. 5 . The evolved wavelets provided better PSNR over the classical wavelet, for all values of CRs. 
C. Improvement in PSNR of degraded images
Quality of the input images were degraded to different quantities by setting certain percentages of lower pixel values to zero. Percentage degradation was computed using the following eqn. [12] . IV. CONCLUSION The proposed work describes techniques for evolving better wavelet coefficients for compression and reconstruction of fingerprint images with improved quality. Here, lifting scheme and GA are combined and used to evolve better lifting filter coefficients of cdf9/7 wavelet.
The evolution process for optimizing wavelets, described in previous works in literature were highly computationally complex and time consuming. So, in this work, in order to reduce the computational complexity and evolution time, small cropped portions of the fingerprint images are taken as training image set. The training image set comprising of three 32x32 size cropped images performed much better than the reported coefficients in literature. A maximum improvement of 1.0059 dB in average PSNR above the classical cdf9/7 wavelet over the 80 fingerprint images was obtained. In addition, the computational speed was increased by 90.18 %. The evolved coefficients for CR 16:1 yielded better average PSNR for other CRs also. Improvement in average PSNR was experienced for degraded and noisy images too. For specific class of images, compression performance can be improved by designing proper training image set. 
